Calculating irradiance penetration into water bodies from the measured beam attenuation coefficient Abstract-The relationships between the numerical values and spectral distributions of the downward irradiance attenuation coefficient, Kd,*. and the beam attenuation coefficient, c,, were investigated. Using experimental data for the Baltic Sea with Secchi disk transparency of 1.5-6 m, we obtained formulae allowing us to determine the spectra of the scattering coefficient in the range of 400-700 nm from data for the beam attenuation coefficient at 580-nm wavelength. Formulae connecting the values of the downward irradiance attenuation coefficient, the absorption coefficient, and the scattering coefficient for different illumination conditions were then used to determine the spectra of Kd,* from measured c, spectra. A preliminary test of this method was carried out based on experimental data from three Estonian and two Finnish lakes. The correlation coefficient between the measured and the computed (through c,) values of Kd,.h is 0.97 and standard deviation is 0.23 m-l. This method may be useful in conditions where in situ measuring of the underwater solar radiation spectra cannot be performed because of weather conditions. Because characterization of the underwater radiation field is often a complicated and expensive procedure, our numerical method (which needs only water samples and the recording of the spectra of incident irradiance) may be useful for estimating spatial-temporal variations of the underwater solar radiation.
The underwater solar radiation field and the spectral composition of light are significant not only in marine optics, but also for many aspects of physical and biological oceanography, as well as an indicator of water pollution. The spectral and vertical distribution of solar energy controls photosynthesis and therefore primary production in the water bodies, with light being the ultimate source of power for their entire ecosystem. Hence, for investigating a water body (or some region of the sea), episodic radiation measurements are not sufficient. More or less continuous monitoring of the underwater radiation field is necessary, but this is not easy to realize. In principle, three main methods can be used: measuring the spatial-temporal (and spectral) variations of the underwater solar radiation in situ (on board ship); installing (by means of buoy stations) some underwater light sensors at various depths in the water body connected to a data-logging system; calculating the underwater radiation field using data for incident solar radiation and the optical properties of the water body under investigation. We consider the possibilities of the third method.
The optical properties of the aquatic environment are primarily described by the spectral beam attenuation coefficient (c,), the spectral absorption coefficient (a,), and the spectral scattering coefficient (b,) in the visible region of the solar spectrum. The numerical values and spectral distribution of the beam attenuation coefficient can be measured easily on water samples by a spectrophotometer. However, the underwater irradiance (and its spectral and spatial distributions) cannot be directly computed from the beam attenuation coefficient. Instead, the values of the downward (and upward) irradiance attenuation coefficient are needed. The downward irradiance may be calculated by the following formulae:
or Ed,kd = ~d,A(0)exp(-Kd,A z).
Here, Z&*(Z) is the downwelling irradiance at the depth z and wavelength A, E,*(O) is the corresponding incident value, G(Z) is the downwelling irradiance attenuation coefficient, Kd,* is its averaged (by depth) value, and 5 is the depth between 0 and z. Knowing Kd,* enables us also to determine some useful optical characteristics of the water environment:
This quantity is known as the penetration depth, which is an important characteristic for optical remote sensing investigations. Here Zig,* is the thickness of the layer just below the water surface from which 90% of the light received by the remote sensing radiometer originates. The value z*( 1%) is the depth at which the downward spectral irradiance is equal to 1% of its value at the surface. In contrast to inherent optical characteristics (c, a, and b), the coefficient Kd is an apparent optical characteristic (Preisendorfer 1961), depending not only on the properties of the aquatic environment, but also on the illumination conditions. Therefore, exact determination of Kd is possible only by measuring Ed in situ:
or, average Kd,A for the layer zZ-z,:
Kd,*(Z2 -Z,) = &lfi.
However, we expect the coefficient Kd,* to be related to the corresponding beam attenuation coefficient c,. It may be useful to investigate this relationship with the purpose of developing an approximate method for estimating the spectra of Kd,* from c, spectra and information about the illumination conditions. This method could permit the spectral and vertical distributions of downwelling irradiance in the water Notes body to be computed by taking water samples for determin-(equivalent to a cardioidal radiance distribution), Kirk ing the spectra of c, and recording the incident irradiance.
(1984b) has derived the formulae: Phillips and Kirk (1984) proposed a formula connecting the spectral irradiation attenuation coefficient Kd,* the absorption coefficient a,, and the scattering coefficient b,:
K,,,(uvg) = 1.168(aA2 + 0.162~~,b,)"~.
We compared the results of computing K,,,(z,,) by two
where Z, is the midpoint of the euphotic zone (downward irradiance has fallen to 10% of the surface value) and q. is the angle of the photons in the direct solar beam to the vertical just below the water surface (after refraction). Later, Kirk (1984a Kirk ( , 1989 proposed an analogous formula describing the average value of Kd,* in the euphotic zone:
Kd,,(WT) = +uA2
These formulae were derived from a Monte Carlo model of the transmission of light through water (incident beam of any angle). The question is whether they are applicable for natural illumination conditions (direct plus diffuse solar radiation). In Kirk's (pers. comm.) opinion they work best for sunny days with fairly high solar altitude, when -85% of the light is from the direct solar radiation. Nevertheless, a similar relationship applies even under totally overcast conditions. For the light coming from a standard overcast sky methods: by Eq. 7 and 9, and by a two-stream radiation model (Arst et al. 1990 ). The initial data for the absorption coefficient were taken from Ivanov (1975) . In Ivanov's monograph the spectral values of aA for three regions of the Baltic Sea (Gotland Deep, Gulf of Riga, Irbe Strait) were presented. The scattering coefficient was estimated by Jer-10~'s (1974) data for the Baltic Sea. The results for the waters of the Gotland Deep are shown in Table 1 . For the solar zenith angles O-60", the results obtained by the two methods agree closely, and even for the zenith angle 80" the discrepancy does not exceed 10%. For overcast conditions, Eq. 9 gives systematically smaller Kci,* values than the model, but the differences are not great (in the region of 2-8%). The calculations for the Gulf of Riga and h-be Strait yield similar results. Good coincidence of the results obtained by the two methods shows once more that Kirk's formulae are applicable for real weather conditions and for almost the whole period of daylight.
Equations 7-10 allow us to compute Kd if the values of a and b are known. If we have data only about the beam attenuation coefficient (c), which is equal to the sum a + b, we need also to know the relative contributions of b (or a) to its value, i.e. the b : c ratio. So, the next step in our analysis was to attempt to estimate these ratios for different types of water.
For open ocean waters we can obtain values of b, : c, from model calculations by Halturin et al. (1983) . In Halturin's work, 17 optical water characteristics were computed as functions of the wavelength of light (in the range of 400-700 nm), the chlorophyll concentration (mg m-'), the amount of yellow substance and suspended matter in the water (both in relative units). The dependence of the ratio b, : c, on the chlorophyll content for the minimal and maximal amounts of the yellow substance in ocean waters at wavelengths 440, 580, and 655 nm is shown in Fig. 1 . Note that the amount of the suspended matter in the water is assumed to vary proportionally with the chlorophyll content. As one may expect, the ratio b, : c, depends strongly on the amount of the yellow substance, but the influence of yellow Halturin et al. 1983) ; O-by data of Bukata et al. (1979) for Lake Ontario; +--calculated by our experimental data for two regions (Gotland Deep and Kunda Bay) of the Baltic Sea.
substance diminishes quickly with increase in the wavelength of light. These data show also that with the increasing chlorophyll content the ratio b, : c, first grows rapidly, but then more slowly. At 655 nm, we have also Jerlov's (1974) data for the Atlantic Ocean, the Mediterranean Sea, and the Baltic Sea. Jerlov's ratio b(655) : ~(655) is in the range from 0.06 (Sargasso Sea) to 0.41 (Gulf of Bothnia in the Baltic Sea). These results are similar to the data shown in Fig. 1 for A = 655. Note that there are data only for two wavelengths (380 and 655 nm) and none about chlorophyll in Jerlov's work.
It seems that for coastal and inland waters, which are more turbid than the ocean water, b, : c, in the red part of the spectrum (where the contribution of yellow substance to light attenuation is low) may be quite stable for a wide range of transparency variability. If so, we can use this ratio for describing the connections between Kd A and c,. We chose 580 nm as the reference wavelength, taking also into account that the influence of two main chlorophyll absorption bands (centered on 440 and 680 nm) must be minimal at this wavelength.
The dependence of b(580) : ~(580) on the value of ~(580) is shown in Fig. 2 . The data used are from three sources: model computations for the open ocean waters (Halturin et al. 1983) ; experimental results for Lake Ontario (Bukata et al. 1979 ); and our experimental data for two regions (Gotland Deep and Kunda Bay) of the Baltic Sea (the 18th and 29th cruises of RV Arnold Veimer in summer 1987 and 1989) . The last results were obtained with the multifunctional double spectrophotometer LIKI, constructed by L. Laesson (Laesson et al. 1988) . Here the parameter & is determined by simultaneous measuring of the downward irradiance by means of two identical units. They are placed on a joint stiff framework, the distance between the corresponding horizontal planes being 1.2 m. The pyramidal framework guarantees the stability of the measurement basis as well as the same orientation of both receivers in the conditions of a rough sea. To reduce the effect of waves, which cause solar flashes in the surface layer of the sea, we averaged the output signal of Ed within about 60 s. LIKI has also a unit specially developed for simultaneous measuring of the beam attenuation coefficient in situ. The measurement region of LIKI is 420-700 nm. By using the data of LIKI and Eq. 7-10, it is possible to compute the corresponding uA and b,, as well as b, : c,.
As shown in Fig. 2 , the data from these three sources describe different ranges of the beam attenuation coefficient ~(580): theoretical results are for the range 0.1 < ~(580) < 0.5 m-l, experimental results for 0.7 < ~(580) < 2.8 m-l. However, it seems that the experimental data represent a logical continuation of the theoretical data: at small values of c(580), its increase results in a rather rapid increase of b(580): ~(580); at -0.5 < ~(580) < 3 m-l, b(580): ~(580) approaches a stable value of -0.7-0.9.
Our measurements in the Baltic Sea (1988 Sea ( -1994 and on Estonian and Finnish lakes have shown that the numerical values of ~(580) are mostly in the range of 0.5-3 m-l, whereas the corresponding Secchi disk depths are from 1.5 to 6 m. Some lakes with brown bog water and extremely eutrophic lakes and bays [Secchi disk depth SD < 1 m, ~(580) may be even 5-10 m-l] are exceptional. As yet we have no data to determine the ratio b(580) : ~(580) for these extremely turbid waters.
Our purpose here is to elaborate an approximate method for computing the spectra of the irradiance attenuation coefficient Kd, A on the basis of c, spectra for waters whose transparency described by Secchi disk depths is -1.5-6 m. The second stage of the investigation is to extend the method to waters of any turbidity. For this purpose, additional experimental data are needed.
The data, presented in Fig. 2 , show that for the range 0.8 < ~(580) < 2.8 m-l the following relation is justified: (655) by -1.5-2 times for the waters of the Sargasso Sea, but only by 5% for the Baltic Sea waters. Some spectral distributions of b, for different waters are shown in Fig. 3 . The curve 4 in Fig.  3 was obtained by averaging the spectral distributions of the scattering coefficient, computed by Eq. 8 and 10, by using the experimental data on c, and Kd,* for the Baltic Sea (data of the 18th and 29th cruises of RV A. Veimer in 1987 and 1989) . This average curve is described mathematically as
where A is in nm.
The alternative possibility is to describe this spectral dependence by means of the power law. Our data fit in rather well also with the formula b, = 8.34xb(580)xh-'k
The differences between the results obtained by Eq. 12 and 13 are shown in Table 2 . These differences are rather small (in the region of 400-650 nm < 1.6%). Relative differences are bigger in the red part of the spectrum and obviously grow 400 500 600 A, nm toward greater wavelengths. Note that Eq. 11-13 are preliminary approximations. Their final shape will be determined after collecting additional experimental data.
The data presented in Fig. 3 show that the dependence of b, on A becomes weaker with increasing turbidity in the water. However, the assumption of a constant (or almost constant) scattering coefficient in the range of 400-700 nm (Baltic waters and Australian coastal waters, curves 5 and 6 in Fig. 3 ) seems unrealistic for waters in which ~(580) does not exceed 1.5 m-l.
Equations 11 and 12 or 11 and 13 together give us a possibility of estimating the values of b, for the water bodies with relative transparency in the range 1.5-6 m. Given that u* = c, -b,, the values of uA and b, together with a formula from Eq. 7-10 allow us to compute the spectral values of Kc!,* on the basis of c, spectra. We carried out these computations using the spectra of c, measured during the 18th and 29th cruises of the RV A. Veimer (A = 0.8). Of course, these results, compared with the corresponding values of Kd,* measured in situ, do not prove the validity of Eq. 11-13, derived on the basis of the same initial data; however, they permit a comparison of K,,(measured) and K,,(calculated) values. The comparison for selected wavelengths (460, 500, 560, and 600 nm) is shown in Fig. 4 . Note that the correlation coefficient (R) decreases with increasing wavelength (R = 0.93-0.95 in the blue and R = 0.77-0.85 in the red part of the spectrum), although the absolute differences K,,(meas.) -K,,(calc.) are smaller at greater wavelengths. The best coincidence of the measured and calculated values of Kd,* is observed mostly in the overcast conditions. Prob- To test our method on independent data, we used measurements of c, spectra and corresponding Ed,, Spectra at three Estonian and two Finnish lakes in summer 1994. Some information about these lakes is presented in Table 3 . The irradiance measurements were carried out at 0.5-, l-, 2-, 3-, 4-, and 6-m depth using an underwater spectroradiometer LI-18OOUW. Simultaneously water samples were taken (mostly from the surface layer) and the c, spectra were determined by a Hitachi U-1000 spectrophotometer. The transmittance of the light beam is here measured as a ratio to that of double-distilled water. Theoretically, the beam transmittance should contain no contribution from scattering, but in practice small-angle forward scattering does reach the de- The results for four wavelengths (460, 500, 560, and 600 nm) are shown. tector. The measured transmittance is then higher than the theoretical value, and the attenuation coefficient determined from the measured transmittance is less than the true value.
Therefore, the c, spectra are measured by Hitachi spectrophotometer with some error. Still, it is interesting to test our method using the Hitachi data.
From the Ed,* data, measured by LI-18OOUW, the Kd,* spectra were computed (by Eq. 6). Although the final stage of the determination of these K,, was computational, we refer to these as K,,(measured). We also calculated K,, spectra from the measured c, spectra by using Eq. 8 (or lo), 11, and 12, thereby obtaining K,,(calculated). An example of the measured (by LI-1800UW) Kd,* spectrum and the corresponding c, spectrum is shown in Fig. 5 . The coincidence of K,, values determined by these two methods is characterized by Fig. 6 . The agreement is fairly good. Only for Lake Paajar-vi (filled triangles in Fig. 6 ) are rather great relative difference between the measured and calculated Kd observed, especially in orange and red parts of spectrum. This may be due to high contribution of yellow substance to light absorption in Lake Paajarvi, exceeding (by our estimations) 2.2-4 times that in other lakes. As was mentioned before, our method was developed assuming that yellow substance has only a slight influence to light attenuation at 580 nm. If it is not so, one may expect b(580) : ~(580) to be smaller than shown by Eq. 11 and the results are obtained with some systematic error. Hence, for the lakes with high concentration of yellow substance, Eq. 11 should obviously be cor- rected taking into account the light absorption by yellow substance at the wavelength 580 nm.
The correlation coefficients K,(meas.) vs. K,(calc.) and log K,(meas.) vs. log K,(calc.) are 0.97 and 0.93, respectively. We calculated also the mean relative difference n;i by the (15) where n is the number of measurements. The values of fi and (T are correspondingly 0.09% and 0.23 m-l. Figure 7 shows some spectra of the measured and calculated Kd,,A for all five lakes [the water samples were taken from the layer for which the K,,(meas.) was determined]. The absolute differences between the results by the two methods are mostly rather small (except for certain wavelengths in Lake Ptiajarvi). Most lakes under consideration were only weakly stratified, so it was possible to describe the vertical distribution of downward irradiance by using the results of spectrophotometric measurements on the water samples taken from the surface layer (0.5 m). The results, shown in Fig. 6 and 7 , represent an independent validation of our method.
We conclude that our method for determining the spectra of the downward irradiance attenuation coefficient from the beam attenuation coefficient spectra is valid. This method has several applications. It is needed when measurements of Ed,* (and consequently K,,) spectra in situ are precluded because of weather conditions. Monitoring of radiation by several underwater spectroradiometers in buoy-stations is technically complicated and rather expensive. To apply our numerical method, it is sufficient to take a number of water samples and to record the incident solar radiation. To estimate the spatial-temporal variation of the underwater radiation field in coastal regions and small lakes, the incident irradiance can be recorded at a station on the shore, whereas water samples are taken from a surface vessel. Our method can be used also for predicting light penetration in a water body in which optical properties are to change in a known way (e.g. lake receiving an industrial discharge).
Equations 11 and 12 have been obtained (and passed a preliminary test) for the 400-700-nm range of the spectrum and for ~(580) between 0.8 and 3 m-l (corresponding Secchi disk depths of -6-1.5 m). To apply an analogous method for very turbid (SD < 1 m) or very clear (open ocean) waters, we need additional experimental data. The method works best in unstratified water bodies, where one beam attenuation coefficient spectrum allows us to estimate the vertical attenuation of the solar radiation for all depths. If the water body is stratified, we need data on the vertical profile of the beam attenuation coefficient, which makes the procedure more complicated. Note also that sometimes the type of the water body may be important when applying our method. There are lakes with strong inflow of the brown bog water where the concentration of yellow substance is high and water transparency is low. In such waters the contribution of absorption to light attenuation is much higher than usually found in other lakes. Equation 11 was obtained with the assumption that yellow substance had only a negligible influence on ~(580) values. Therefore, the application of this method in water bodies with an extremely high yellow substance content may not be justified. Probably, ~(580) data could "corrected" taking into account the real contribution of yellow substance to its value. Dissolved carbohydrates in streamwater determined by HPLC and pulsed amperometric detection Abstract-Dissolved total saccharides (DTS) and dissolved free monosaccharides (DFMS) in streamwater were determined by high-performance liquid chromatography with pulsed amperometric detection (HPLC-PAD). HPLC identification was verified with gas chromatography/mass spectrometry measurements. The method for DTS was improved by using a column with an anion exchange capacity of 4,500 Fq and a mobile phase of 350 mM NaOH. The detection limits for individual monosaccharides ranged from 2 to 14 nM. The average recovery for monosaccharide standards was 82% after hydrolysis, and 75% of the monosaccharides in streamwater hydrolysates were recovered following a desalting procedure. Hydrolysis of model substances showed recoveries of monosaccharides between 78 and 98%. The C.V. for a hydrolyzed stream sample was 15% for the DTS. Stream samples stored at room temperature after filtration and acidification to pH 1.1 were stable for at least 23 d. Concentrations of DTS in White Clay Creek, including sugar alcohols and amino sugars, ranged from 0.64 to 12.70 PM and accounted for 2.9-12.1% of the dissolved organic carbon pool. Neutral sugars dominated the DTS pool, and glucose and galactose were the most abundant molecules. Concentrations of DFMS ranged from 0.05 to 0.38 PM and accounted for 0.06-0.33% of the dissolved organic carbon pool.
Carbohydrates are important components of the dissolved organic matter pool in aquatic environments. They provide a significant source of C and energy for heterotrophic bacteria (Mtinster and Chrost 1990) . In natural waters, dissolved carbohydrates have been estimated to make up from 1 to -30% of the dissolved organic C (DOC) (Thurman 1985) . Dissolved total saccharides (DTS) consist of dissolved free monosaccharides (DFMS) and dissolved combined saccharides (i.e. oligo-and polysaccharides). DTS concentration and composition in natural waters have only been analyzed following preconcentration, and there are no data on minor sugars such as sugar alcohols and few data on amino sugars. The determination of the molecular composition of carbohydrates not only provides information on the composition of the DOC pool but also provides an indication of the DOC sources and their transformations (Cowie and Hedges 1984; Hedges et al. 1994) .
Current methods for the determination of carbohydrates in natural waters include calorimetric assays (Johnson and Sieburth 1977; Burney and Sieburth 1977) , gas chromatography (Cowie and Hedges 1984; Ochiai and Nakajima 1988) , and liquid chromatography (Mopper 1977; Ittekkot et al. 1982; Wicks et al. 1991) . Calorimetric assays do not provide information on the composition of the saccharides and are prone to interferences. Gas chromatography (GC), in combination with a flame ionization detector (FID), allows the identification of individual molecules, and with mass spectrometry (ms), the confirmation of that identity. However, GC involves time-consuming derivatization procedures and drying of samples that increases the possibility of contamination.
The combination of high-performance liquid chromatography and pulsed amperometric detection (HPLC-PAD) has been reported as a promising alternative, as it combines high sensitivity and accuracy (Wicks et al. 1991; Mopper et al. 1992; Jorgensen and Jensen 1994) . In our hands, environmental samples required no preconcentration step, thus reducing the chances of contamination. With the HPLC-PAD technique, carbohydrates dissociate in a strongly alkaline solution, separate as anions on an anion-exchange resin, and are detected by oxidation at the surface of a gold electrode. Jorgensen and Jensen (1994) discussed some significant drawbacks with the method, such as long periods for baseline equilibration, changes in retention time due to the interference of carbonate, and time-consuming cleaning procedures for the analytical columns. The objective of our work was to examine the analytical method for the determination of DTS in streamwater and seek improvements in the HPLC-PAD technique. We focused especially on sensitivity without Preconcentration, high sample throughput, and the measurement of combined carbohydrates. Our studies included testing two different analytical columns, investigating the influence of the mobile phase, and verifying the results with GUMS measurements. Additionally we assessed sample recovery following storage, hydrolysis, and desalting.
